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Antwerp, Belgium 
To analyze the influence of loading patterns on cardiac 
pump performance and relation, the effects of preload on 
peak length-tension relaxation and of systolic load clamps 
on peak length-tension relation and on relaxation were 
analyzed in. isolated cat papillary muscles. Preload reduc- 
tion and early loading clamps induced a shift to the left of 
the peak length-tension relation, that is, a smaller muscle 
length for the same tension at peak shortening. Unloading 
clamps induced a shift to the right of the peak length- 
tension relation, that is, a larger muscle length for the same 
tension at peak shortening. 
The effects of load clamps on relaxation depended on 
when they were applied during isotonic shortening. 
Changes induced by load clamps could not be summarized 
in terms of enhanced or delayed relaxation, illustrating that 
shortening duration, isometric tension decline and isotonic 
lengthening have different determinants. 
In conclusion, not only peak or mean systolic pressure 
but also the entire loading pattern has to be taken into 
account whenever pressure-volume data or relaxation var- 
iables are interpreted. 
(J Am Co11 Cardiol 1989;13:483-90) 
Loading patterns imposed on muscle fibers in the ventricular 
wall are determined in a complex way by the interaction of 
the contracting ventricle with the arterial tree. As a result, 
pressure profiles can vary widely as a function of vascular 
impedance (1) and may become grossly abnormal in cardiac, 
particularly valvular, disease (2). The influence of varying 
systolic loading patterns on pump performance of the left 
ventricle (pressure-volume relations) and on relaxation var- 
iables are yet ill understood. The present study presents data 
from isolated cat papillary muscle as a model for understand- 
ing the behavior of the intact heart in the presence of 
abnormal loading patterns. The relation between muscular 
tension or length and ventricular pressure or volume is, 
however, complex. A reasonable approach is to compare 
length changes in a papillary muscle with those in a circum- 
ferential midwall segment of the left ventricle, and to com- 
pare tension changes in a papillary muscle with circumfer- 
ential wall stress changes. This approach neglects several 
mechanical features of segment length behavior: for exam- 
ple, deformations in longitudinal or radial direction, complex 
determination of wall stress, possible interaction between 
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midwall and subepicardial or subendocardial muscle layers, 
interaction between asynchronously contracting segments 
and the auxotonic nature of segmental contraction and 
relaxation. Moreover, segment length changes, hence pump 
function of the intact ventricle, are modulated by such 
extrinsic mechanisms as coronary circulation, neurohumoral 
control and the influence of circulating blood through the 
endocardial endothelium (3). 
We examined the influence of preload and systolic load 
clamps on peak isotonic length-tension relations. Given the 
known dissociation between peak isometric and peak iso- 
tonic length-tension curves (4), we expected that not only 
preload but also systolic load patterns would influence 
length-tension relations and that the mechanism of this 
influence would be related to the different time course of 
twitches with a different loading history. Next we examined 
the influence of systolic load clamps on the rate of relaxation 
in afterloaded twitches with physiologic isometric-isotonic 
relaxation sequence. Load clamps imposed late during iso- 
tonic twitches have been shown to result in premature 
interruption of shortening (5,6). The isotonic-isometric re- 
laxation sequence in these previous studies, however, does 
not allow inferences about rate of tension decline or length- 
ening of muscle fibers in the intact ventricular wall. Because 
premature muscle lengthening decreases the rate of late 
tension decline in the isometric-isotonic relaxation sequence 
(7), we expected that increasing load during the later part of 
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isotonic shortening would induce an early onset and a lower 
rate of isometric tension decline. 
Methods 
Experimental preparation. Papillary muscles (n = 24) of 
the right ventricle of the cat were used. Criteria for selection 
were: a) rest muscle length at lmax (length at which isomet- 
ric tension development was maximal) r4 mm; and b) ratio 
(RT/TT) of rest tension to total tension of the isometric 
twitch at lmax of 5 15%. Preload is indicated by rest muscle 
length or tension; total tension is the sum of preload and 
afterload. Characteristics of the muscles at lmax were (mean 
2 SD; n = 24): muscle length 7.0 5 1.5 mm; mean cross- 
sectional area 0.9 ? 0.3 mm2; preload 6.2 t 1.0 mN/mm2; 
ratio RTlTT 9.8 ? 2.5%. 
The muscles were mounted vertically. The lower non- 
tendinous end was fixed in a phosphor bronze clip. The 
upper tendinous end was tied (7.0 braided thread) to an 
electromagnetic force-length lever system (compliance 0.25 
pm/mN, equivalent moving mass 225 mg, step response 3 
ms): the current through the coil of the electromagnet 
reflected the load on the muscle. Length-time, tension-time 
and length-tension relations were recorded simultaneously, 
displayed on a storage display unit (Tektronix 611) and 
photographed with a hard-copy unit (Tektronix 4601). 
Length and tension were also recorded digitally and stored 
on floppy disc. 
Experimental protocol. In preliminary experiments, we 
analyzed the effects of preload and of load clamps at 29°C 
with calcium ([Ca’+]) 2.5 and 7.5 mmol/liter and at 37°C 
with [Ca”] 2.5 mmol/liter. The described effects of preload 
and load clamps on length-tension relation and relaxation 
could be observed under these different experimental condi- 
tions. In the actual experiments, we used conditions in 
which cat papillary muscles have an optimal contractile 
behavior, which is stable and reproducible for a prolonged 
period of time: bathing solution at 29°C [Ca”] 2.5 mmol/ 
liter and stimulation frequency 0.2 Hz. The bathing solution 
contained (mmoVliter): NaCl 118; KC1 4.7; MgSO,*7H,O 
1.2; KH,PO, 1.1; NaHCO, 24; CaCI,*2H,O 2.5 or 7.5; 
glucose 4.5. The solution was bubbled with 95% oxygen and 
5% carbon dioxide. Homogeneous electrical stimulation was 
obtained by rectangular pulses of 5 ms duration 10% above 
the threshold level through two platinum electrodes aligned 
with the muscle. Unless specified, experiments were per- 
formed with rest muscle length at Imax. To eliminate the 
effects of load in preceding twitches, all analyzed twitches 
were preceded by a series of at least eight stabilizing 
preloaded isotonic twitches. 
A physiologic (isometric-isotonic) relaxation sequence 
was used. Electronic steering included a stop fixing muscle 
length at peak-shortening and allowing isometric tension 
decline to occur first; muscle lengthening was allowed when 
TT & of peak aftertoad) 
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Figure 1. Preload and length-tension relation. The level of total 
tension (TT) is referenced to peak tension development (afterload) 
of the control isometric twitch at 1 .O lmax. Peak shortening muscle 
length is expressed as a fraction of Imax. When compared with 
control data at 1 .O lmax (open dots), data obtained after reduction of 
rest length to 0.96 lmax (closed dots) are shifted to the left (n = 12; 
mean f. SD). At 0.96 Imax, only 4 of 12 muscles were able to 
develop 75% of peak afterload and were included in the analysis of 
this level. The shift obtained in this way corresponds to about fi of 
the shift induced by raising [Ca”] in the bathing solution from 2.5 
to 7.5 mmol/liter (closed squares) (n = 7). 
tension had fallen below the preload level. Load clamps 
during isotonic shortening of afterloaded twitches were 
obtained with additional undamped rectangular current 
pulses corresponding to a load step of 4 mN. 
Statistics. Data were presented as mean +- SD. A paired 
t test was used for statistical analysis. 
Results 
Preload and length-tension relation. Twitches were re- 
corded with preload at lmax and with an afterload corre- 
sponding to 25,50 and 75% of peak isometric afterload. Rest 
muscle length was then reduced to 0.96 lmax and, after 
stabilization (8,9), twitches with the same total tension levels 
were obtained (n = 12). Figure 1 shows that reduction of rest 
muscle length reduced peak shortening muscle length at all 
three afterload levels (p 5 0.005). When expressed as 
percent of shortening extent of the control contraction, the 
shift to the left of peak shortening muscle length was 16 t 5 
at 25%, 23 -+ 9 at 50% and 27 * 10 at 75% of peak afterload. 
Considering the isolated muscle as a circumferential segment 
of a spheric left ventricle, we computed from the mean data 
at 50% of peak afterload that a 11.5% decrease in end- 
diastolic volume would result in a 6.1% decrease in end- 
ejection volume. 
The shift of the length-tension relation induced by preload 
reduction was then compared with the shift induced by a 
potent inotropic intervention, obtained by increasing [Ca”] 
in the perfusion solution from 2.5 to 7.5 mmol/l (n = 7). With 
increased [Ca”], muscle lengths at matched tensions were 
still smaller. The shift in peak-shortening length induced 
by reducing rest muscle length corresponded roughly to Y, 
JACC Vol. 13. No. 2 GILLEBERT ET AL. 485 
February 19893483~90 LOAD EFFECTS ON LENGTH-TENSION AND RELAXATION 
Figure 2. Systolic unloading clamps and length-tension 
relation. The length-time (upper left panel), tension-time 
111 max 
(TT) (lower left panel) and length-tension relations loo 
(lower right panel) are displayed. Three control twitches 
with increasing systolic tension (contractions la, 2. 3) 
are superposed on three twitches (for example, lb) with 
a higher initial afterload, which are synchronously un- 
loaded to the afterload of the control twitch during ‘.’ 
isotonic shortening. Unloading results in a shortening 
deficit at all tension levels (upper left panel), corre- 
sponding to a shift to the right of the peak length-tension 
curve (arrow and dotted lie in the lower right panel). 
The insert (upper right panel) shows in its upper part the 
superposition of tension curves of a control and several 
test twitches corresponding to tension level I ; isometric 
tension decline of the test twitches are not displayed. 60 
The lower part of the inset shows minimal muscle length 
as a function of time; the minimal muscle length of 
control twitches (levels I, 2, 3) is represented by hori- 
zontal lines throughout the isotonic shortening period; 
the minimal muscle length of test twitches is represented 30 
by dots positioned at the time of the clamp. Shortening 
deficit is observed with all unloading clamps throughout 
isotonic shortening. L/lmax is muscle length as a frac- 
tion of Imax. TT is total tension/mm’ cross-sectional 
area and indicates tension of both tension-time and 0 
length-tension panels. 
(35 2 12%) of the shift induced by increasing [Ca”] in the 
perfusion solution. 
Systolic load clamps and length-tension relation. In Fig- 
ures 2 and 3, three control twitches previously mentioned 
r- 3 
were recorded and compared with twitches with a different 
initial afterload, which were unloaded (Fig. 2) or loaded (Fig. 
3) during isotonic shortening to the afterload level of the 
control twitches; this allowed comparison of twitches with 
Figure 3. Early systolic loading clamps and length- o 9 L 2 
tension relation. Format as in Figure 2. Three control * b a 
twitches with increasing systolic total tension (TT) (con- 
tractions la, 2, 3) are superposed on three twitches (for 
V 
’ / 
example, lb) with a lower initial afterload, which are 
synchronously loaded to the afterload of the control 
twitch during isotonic shortening. Loading results in 
400 ms 
shortening excess at all tension levels (upper left panel) 
corresponding to a shift to the left of the length-tension 
TT (mN/mm*) 3 - 
curve (lower right panel, arrow and dotted line). The 60 
inset indicates that shortening excess is observed only 
with loading clamps during early isotonic shortening. 
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similar peak shortening tension but different systolic loading 
patterns (n = 12). 
Figure 2 shows that with higher initial afterload tfor 
example, 1 b) initial shortening velocity was decreased. This 
loading pattern resulted in a small but systematic shortening 
deficit, corresponding to a shift to the right of the peak 
length-tension relation (black arrow). Unloading clamps 
performed at various times throughout isotonic shortening 
always resulted in a shortening deficit. The inset in Figure 2 
shows that, for tension levels 1 and 2 (25 and 50% of peak 
afterload), shortening deficit increased to a plateau during 
the first part of isotonic shortening. Then, during the second 
part of isotonic shortening and for about 200 ms, shortening 
deficit was hardly influenced by the timing of the clamp. At 
the high, unphysiologic tension level 3, the increase in 
shortening deficit was more progressive. 
Figure 3 shows that, with a lower initial afterload lfor 
example, lb), initial shortening velocity was increased. With 
early loading clamps this loading pattern resulted in a small 
but systematic shortening excess, corresponding to a shift to 
the left of the peak length-tension relation (black arrow). 
Loading clamps were performed at various times during 
early isotonic shortening, until the exact moment when the 
muscle could not sustain additional load any longer and 
when the extent of shortening became smaller than that in 
the control twitch (Fig. 3, inset). 
The efects of later clamps are illustrated in Figure 4. The 
left panel shows the shortening excess observed with early 
clamps. The medium panel shows a test twitch where the 
muscle briefly sustained the higher tension level without 
reaching peak-shortening length of the control twitch. The 
right panel shows a twitch where the higher tension would 
have induced immediate lengthening ifi the electronic steer- 
ing system had not fixed muscle length, thereby inducing 
isometric tension decline. 
LATE CLAMP 
Figure 4. Systolic loading clamps, 
shortening extent and relaxation. With 
early load clamps there is an excess of 
shortening and tension decline is 
slightly faster. With medium clamps 
the muscle no longer reaches minimal 
length of the control twitch; the onset 
of tension decline is premature and the 
rate is slower. With late clamps the 
muscle cannot develop enough ten- 
sion; a premature but initially slow 
tension decline is induced, the muscle 
being clamped at minimal length by the 
steering system. 
Systolic load clamps and relaxation variables. Figure 5 
and 6 illustrate the influence of load clamps on rate of 
isometric tension decrease and isotonic lengthening in after- 
loaded twitches (n = 12). Twitches with clamps (thick lines 
in Fig. 5 and 6) were compared with control twitches with 
initial afterload unchanged throughout shortening (thin lines 
in Fig. 5 and 6). 
With early and medium unloading clamps (Fig. 5), onset 
of tension decrease occurred almost simultaneously with the 
control twitch, but peak rate of tension decrease was slower. 
With late unloading clamps, onset of tension decrease was 
delayed but peak rate of tension decline was increased. 
Regardless of the timing of unloading, extent of shortening 
was larger, muscle lengthening occurred earlier and peak 
rate of lengthening was increased. 
With early and medium loading clamps (Fig. 6), onset of 
tension decrease occurred almost simultaneously with the 
control twitch and peak rate of tension decrease was faster. 
With late loading clamps, onset of tension decrease occurred 
sooner but peak rate of tension decline was decreased. 
Regardless of the timing of loading clamps, extent of short- 
ening was smaller, muscle lengthening occurred later and 
peak rate of lengthening was decreased. 
Discussion 
Preload, length-tension and pressure-volume relation. 
Preload reduction induced a shift to the left of the peak 
length-tension curve (Fig. 1); a twitch with reduced preload 
and the same total tension reached a smaller peak shortening 
muscle length. The shift of the length-tension relation in- 
duced by preload reduction was not trivial neither when 
related to shortening extent of the control contraction, nor 
when related to the shift induced by a powerful inotropic 
stimulation. This finding is consonant with earlier observa- 
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Figure 5. Systolic unloading clamps 
and relaxation. Muscle length, tension 
(Kl,, and TT) and first derivatives 
(dlldt and dT/dt) are displayed as a 
function of time. Test twitches with 
unloading clamp during isotonic short- 
ening (thick lines) are superimposed on 
control twitches (thin lines) with the 
same initial afterload. With early load 
clamps, tension decline is slower. With 
late clamps, the onset of tension de- 
cline is delayed and the initial decline is 
faster. Neither rate of isotonic length- 
ening nor minimal segment length is 
significantly influenced by timing of the 
clamp. 
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tions in isolated muscle (10,ll). In a study (12) where 
auxotonic loadings were imposed on cat papillary muscles, 
the influence of a similar preload reduction was considered 
minimal although present as evidenced by Figure 3. The 
preload dependence of the length-tension relation is concep- 
tually an extension of the well known dissociation between 
the peak isotonic and peak isometric length-tension relation 
observed in isolated papillary muscle (4,13,14). Studies on 
excised canine hearts performed in the 1960s and 1970s 
indicated that the dissociation between isotonic and isomet- 
ric pressure-volume relations is negligible (15) and that the 
end-systolic pressure-volume relation is almost independent 
from preload (16). More recent studies (17), however, fo- 
cused on the limits of the independence of load of the 
end-systolic pressure-volume relation: when the ejection 
fraction is >40%, the end-systolic pressure will be smaller 
than that of the isovolumic beats with the corresponding 
volume; that is, the dissociation between isotonic and iso- 
metric pressure-volume relation is present in the isolated 
perfused heart. In this respect, Sagawa et al. (18) support the 
suggestion that, both in isolated muscle and in the isolated 
perfused heart, the mechanism of tension (or pressure) 
deficit is a deactivation effect of myocardial shortening. In 
addition to this deactivation effect, viscoelastic properties 
(creep and stress relaxation) and history-dependent changes 
in contractility could be involved. With respect to depen- 
dence on loading history, two recent studies (14,19) high- 
lighted the importance of the limited time of cross-bridge 
activation and the fact that isotonic muscle shortening oc- 
curs more slowly than isometric tension development. 
Twitches with substantial muscle shortening therefore have 
no time to reach the stable length-tension relation, which will 
only be approximated in isometric twitches and obtained for 
example, in tetanic contractions. 
Systolic load clamps, length-tension and pressure-volume 
relation. Load changes imposed during isotonic shortening 
of afterloaded twitches modulated the peak length-tension 
relation. This observation is consonant with previous work 
(12) analyzing auxotonic contractions of cat papillary muscle 
in comparison with an electronic simulation of abnormal 
arterial impedance patterns. In a similar way arterial imped- 
ance changes influence the volume intercept of pressure- 
volume relations in the isolated canine heart (20), although 
loading influences in this last model appear to be less 
important. The influence of systolic load changes on length- 
tension and pressure-volume relation could be explained by 
the same mechanisms as the influence of preload. A twitch 
contracting against a lower initial afterload (Fig. 3, upper left 
panel) will reach a given muscle length earlier and will 
shorten further; a twitch contracting against a higher initial 
afterload (Fig. 2, upper left panel) will reach a given muscle 
length later and will shorten less. The shortening deficit after 
unloading clamps did not, however, increase in the second 
half of isotonic shortening; an increased shortening deficit 
was probably prevented in these contractions by some 
prolongation of isotonic shortening and a delayed onset of 
tension decrease (see later), allowing compensatory further 
shortening. 
Systolic load clamps and relaxation variables. Duration of 
isotonic shortening was modulated by systolic load clamps 
as described previously (5,6). With clamps early during 
isotonic shortening, behavior of the twitch was fairly well 
related to the afterload after the clamp. It was suggested that 
the number of interacting cross-bridges could still adapt to 
the new loading conditions (contraction phase). With clamps 
later during isotonic shortening, duration of isotonic short- 
ening was modulated; unloading clamps prolonged isotonic 
shortening and loading clamps induced a premature interrup- 
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Figure 6. Systolic loading clamps and relaxation. With early clamps 
peak tension decline is faster. With late clamps the onset of tension 
decline is premature and peak tension decline is slower. The rate of 
isotonic lengthening is related to minimal muscle length or to the 
extent of lengthening. Abbreviations as in Figure 5. 
tion of isotonic shortening. It was suggested that this mod- 
ulation was related to an imbalance between the number of 
interacting cross-bridges and the prevailing loading condi- 
tions (relaxation phase, load dependence) (5,6). 
Peak rate of physiologically sequenced isometric tension 
decrease has been related to total load and peak shortening 
muscle length (21). This relation was preserved with clamps 
during early isotonic shortening but not with clamps during 
later isotonic shortening. Late unloading clamps (Fig. 5) 
increased the peak rate of isometric tension decline and late 
loading clamps (Fig. 6) reduced this rate. This muscular 
behavior was not apparent in previous clamp studies (5), in 
which premature lengthening and forceful disruption of 
cross-bridges could have obscured this phenomenon, which 
was also observed after muscle reextension early during 
isometric tension decrease (7). 
The peak rate of physiologically sequenced isotonic mus- 
cle lengthening has been related to such mechanical deter- 
minants as extent of shortening (22,23), minimal segment 
length (22,24), total tension (24,25), extent of lengthening 
(22), tension during lengthening (22,24) and time of length- 
ening (22). Our present data indicate that, with both early 
and late clamps, the rate of lengthening remained related to 
the same mechanical determinants, implying that residual 
cross-bridge interaction during isotonic lengthening was not 
clearly influenced by systolic loading patterns. To exclude 
the influence of the abrupt character of load clamps and to 
simulate the auxotonic nature of load changes in the intact 
heart, a capacitance (time constant 25 ms) was added to the 
clamping circuit. Undamped and damped clamps resulted in 
essentially similar effects (Fig. 7); the only difference was 
that the damping procedure itself slightly delayed the clamp. 
Similar load manipulations were performed in isolated 
and intact canine hearts (6,26-30). Early increases in sys- 
tolic left ventricular pressures delayed pressure decline, and 
late increases in systolic left ventricular pressure induced an 
early onset of pressure decline, exactly as in the isolated 
Figure 7. Extrapolation to the cardiac patient with valvular regur- 
gitation. In the lower panels the left ventricular wall stress curves (T) 
from a patient with mitral (MR) and aortic (AR) regurgitation are 
presented with their corresponding volume curve (V). Data are 
calculated from reference 33. The wall stress curves are superposed 
on a schematic drawing of a normal tracing (2) (dotted line). These 
tracings are compared with isolated muscle tracings (upper panels) 
similar to the early unloading clamp in Figure 5 (MR) and to the late 
loading clamp in Figure 6 (AR). The early unloading mimicked MR 
results in a decreased peak -dT/dt; later unloading and volume 
decrease during isovolumic relaxation, expected to accelerate pres- 
sure decline, are not shown. Note that the load clamps are not 
abrupt as in previous figure but damped. This results in a more 
auxotonic systolic load change, with effects quite similar to the 
effects displayed in previous figures (see discussion for details). 
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muscle. The effects on the rate of pressure decline are more 
complex and still controversial. Some studies (6,28,30) indi- 
cated that with late pressure increases, pressure decline 
slowed down more than with early pressure increases; these 
data are concordant with our present findings. Other studies 
(27,29) indicated that with late pressure increases pressure 
decline would be faster. Additional studies still have to 
clarify the effects of systolic pressure increases as a function 
of their precise timing and amplitude. 
Clinical Implications 
Refined analysis of length-tension and pressure-volume 
relations reveal the limits of the independence of load; the 
influence of load, although limited, is a fundamental property 
of cardiac muscle that is obviously present in the intact heart 
and presumably also in cardiac patients. For a given level of 
contractility, ejection of the heart will reach several closely 
related length-tension curves; the precise position of these 
curves will depend on the loading history. 
Effects of load clamps on length-tension relation and on 
relaxation are relevant in clinical conditions in which sys- 
tolic loading patterns are altered. 
Physiologic and pharmacologic interventions. In normal 
hearts wall stress decline during ejection; according to our 
present findings, the pressure decline will be faster than if 
wall stress had been unchanged as in control muscular 
tracings. Numerous physiologic and pharmacologic inter- 
ventions modify vascular impedance and hence alter timing 
and amplitude of reflected waves in late ejection. The 
influence of a given drug on pressure-volume relation and 
relaxation therefore includes the influence of an altered 
systolic loading pattern. 
Myocardial ischemia. When an ischemic segment of the 
left ventricle interacts with a nonischemic segment (31) or 
when contraction is asynchronous (3 1,32) interaction be- 
tween segments will presumably result in altered systolic 
loading patterns; for example, one segment may be unloaded 
at end-ejection by asynchronous early relaxation of another 
segment as in the right panel of Figure 5. 
ValvnIar regurgitation. In mitral and aortic regurgitation, 
systolic loading patterns can be abnormal. In acute mitral 
regurgitation (2), wall stress will progressively decrease as 
the ventricle empties into the relatively low pressure left 
atrium. In chronic aortic regurgitation, wall stress is typi- 
cally elevated at end-ejection (33). On the basis of the 
present findings in isolated muscle, contractility evaluated 
by the pressure-volume relation will underscore myocardial 
function in acute mitral regurgitation; the systolic unloading 
and the elevated preload could increase the volume intercept 
and shift the pressure-volume relation to the right. By the 
same token, the pressure-volume relation could undergo 
variable influences in aortic regurgitation, depending on the 
extent of ejection that occurred before the increase in wall 
stress as in the medium and late load clamps of Figure 4, so 
that extrapolation is hazardous. The typical loading patterns 
and the volume changes during “isovolumic” relaxation (7) 
are expected to accelerate pressure decrease in mitral regur- 
gitation and slow down pressure decrease in aortic regurgi- 
tation. A muscle-heart extrapolation illustrating these abnor- 
mal systolic loading patterns is shown in Figure 7, which, 
however, analyzes only an isolated aspect of valvular regur- 
gitation reduced to a single load clamp and neglects the 
influence on relaxation of eccentric hypertrophy, subendo- 
cardial ischemia, increased preload and volume changes 
during isovolumic relaxation. 
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